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EXECRATORYENGINETESTCl?TRANSPIRATION-COO~

TUIU31NE-R~~BLADEWITHW’IEW!-CLOTHSHEIL

By PatrickL.DonougheandAnthonyJ.Diagtik

SUMMARY
&

Exploratorytestsona transpiration-cooledbladeweremadeina
modifiedproductionturbojetengineto evaluatethebladedesignand-the

. fabricationmethods.Thebladeconsistedofan internalload-carrying
member,or strut,castintegrallywiththebase;forthetwistedex-

y ternalsurfaceoftheblade,a permeablewire-clothshellwasattached
E tothestrut.Theinvestigationwasconductedovera rangeofengine

speedfrom8000to 11,500rpm(blade-tipspeedof 900to 1300ft/see)
anda rangeof coolant-flowratiofrom0.008to 0.041.

Somedamage,apparentlydueto fabricationmethods,atthetipre-
gionofthetrailingedgeofthebladeswasnotedafteroperationata
tipspeedof1300feetpersecond.Thedamageapparentlywasnotdueto
excessivetemperature,butwascausedby inadeqy.atesupportoftheshell
inthedamagedregion.Onothersectionsoftheblades,thewire cloth
didnotappeargreatlyoverheated,sothattheseresultswereconsidered
satisfactoryfortheexploratoryinvestigationofa transpiration-cooled
rotorblade;andchordwisestruttemperaturedistributionsindicated
thata satisfactorychordtisetemperaturedistributionwasprovidedby

—

theorificesinthebladebase. Spanwisetemperaturedistributionsand
visualobservations,however,indicatedthatbetterestimatesandcon-
trolof spanwiseflowareneeded.

INTRODUCTION

Up to the
turbineblades
cooling(i.e.,

presenttime,experimentaltestsonair-coolingofgas-
inturbojetengineshavedealtprimarilywithconvection
thecoolantisforcedthroughthehollowinteriorofthe

bladesanddischargedatthebladetip).Recently,experimentalengine
b testshavealsobeenconductedontranspiration-cooledturbine-rotor

bladesattheNACALewislaboratoryto exploretheheat-transfercharac-
teristicsandtheproblemsassociatedwiththeapplicationofthistype

—
4 of coolingto gasturbines.Intranspirationcooling,thewal-l-

temperaturereductionisaccomplishedby forcingthecoolant(air)
—

●
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througha porousbladewall,therebyformingan insulatinglayerof
fluidbetweenthewallandthegasstresm.Thiscoolingmethodindicates
bettereffectivenessthanotherair-coolingmethodssuchas convection
cooling(ref.1). Someproblemspertinenttotheapplicationoftran-
spirationcoolingto gas-turbinebladesarepresentedinreference2“.

As pointedoutinreference2,thesmountofflowthroughtheporous
waldisdependentonthedifferenceinthesquaresoftheabsolutepres-
surelevelsonoppositesidesofthewall. Smallchangesinpressure
level,therefore,canoftenresultinlsxgechangesin coolant-flowrate.
Methodsforinvestigatingpressure-levelchargescawedby chordwise
pressuredistributionandoff-designoperationofturbine‘blades=e- -
giveninreferences3 and4. Pr~~ totheactualapplicationoftran-
spirationcoolingtoturbineblades,porousmaterialsareneededwhich
areadaptableto conventionalfabricationmethods.Forthispurpose,a“
wire-clothmaterialwasdeveloped.andtheexperimentalvariationsbe-
tweenairflowandpressuredropweredetermined(refs.5 and6).

Previousdiscussionsontranspirationcoolinghaveemphasizedthe
importanceofthetemperatureoftheporousmateri~exposedtothehot
gasflow. Inthecoolingoft~binesjhowever,theblade.canbe designed
whereina shellis.attachedto a strutor load-carryingmembersothat
thestruttemperaturesbecomemoreimportant-forload-carryingpotential
thantheshelltemperatures.Theshellmuststillmaintainlowenough
temperaturestoprecludeseriousoxidationandmustpossessadequate
strengthtowithstandtheforcesimposedonR rotatingblade.Thestrut,
incon~unctionwiththeporousshell,can%ewed toformcompartments
sothatthecoolingaircanbe meteredby orificesinthebladebaseto
obtaindesiredchordwisedistributionofthecoolant(ref.3). Although
experimentalresniltshavebeenobtainedon shell-typetranspiration-
cooledstatorbladesfabricatedfrom.sinteredmaterials(refs.7 and8),
noptilishedinformationisavailablefora rotatingtranspiration-cooled
blade.

Thepresentinvestigationwasundertaken,therefore,to determine
theadequacyofdesignandfabricationofa transpiration-cooledrotor
bladeoperatingin.aturbojetengine.Theprincipalitemsofinterest
intheseexploratorytestswereto determine:(a)iftheorificesin
thebladebaseprovideproperchordwisedistributionofthecoolant,
(b)whethertheshellanditsattachmentto thestrutwouldwithstand
rotationaleffects,-(c)ifproperspanwisedistributionofthecoolant___
wouldbe obtained,and(d)struttemperatures.andtheeffectofhotgas
flowontheshell.Becausethesetestsweremadeona modifiedturbojet
enginehavingbothcooledanduncooledturbineblades,theeffectof
coolantemissionon aerodynamicperformancecouldnotbe determined._.

Forthebladesinvestigated,theshel.ls”weref~ricated.from —

20)(200meshwireclothandattachedto anS-816load-carryingstrut

.

b

—
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.

metier.Twosuchbladeswereinstalledina modifiedturbojetengine
thatwasoperatedto anenginespeedof11,500rpmandto an effective
gastemperatureof1350°F. Struttemperatureswereobtainedovera
rangeof coolant-flowratio(coolant-flowratedividedby gas-flowrate)
from0.008to 0.041atvariouenginespeeds,andvisualobservationsof
thecooledbladeshellsweremadetiteroperationatvariousspeeds.

BLADEDEVEI$IPMENTANDFABRICATION

Theapplicationoftranspirationcooling.to a complexstructuresuch
asa turbinebladepresentsmanyproblems.It isshowninreferences7
and8 thattheporousmaterialmustbe thinenoughto allowthecooling
airtobe broughtintothenarrowregionsneartheleadingandtrailing
edgesoftheturbtneblade.Forturbine-rotor-bladeapplication,the
porousshellshouldalsohaveadequatestrengthtowithstandtheimposed
forces.

Intheprocessof investigatingmaterialsthatpossessthecharac-
teristicsof strengthandsufficientthinness,a corduroywireclothwas
selected.Photographsoftheclothareshowninfigure1. Itwasfound
thatby cold-rollingthewirecloth,a widerangeofpermeabilitycould
be obtained(refs.5 and6). Thedesiredpermeabilityoftheporous
materialisdependentontheamountof airrequiredto obtainsufficient
coolingoftheshell.Themount ofairis,inturn,determinedlythe
heattransferthroughthewall. By usingtheanalysesgiveninrefer-
ences3 and9, itispossibleto determinea chordwisecoolant-flawdis-
tributionrequiredtomaintaina constantprescribedwalltemperature
fora transpiration-cooledturbineblade.

Forporousmaterials,theflowfromtheinnertotheoutersurface
isa functionofthedifferenceofthesquaresofthepressureonoppo-
sitesidesofthewall..Becauseofthisdependency,investigationof
thepressuredistributionontheoutsideandinsideofthebladeisre-
quired.Thegeneraltrendsofthepressuredistributionaroundtheout-
sideofa turbinebladecanbe obtainedby useofthestream-filament
theory(ref.10).

Insidetheblade,thecoolantisstijectedsimultaneouslyto cen-
trifugalforces,lossofflow,Mea change,heataddition,compressibil-
ity,andfriction.A theoryforthistypeof”flowdoesnotexistatthe
presenttime. Assumptioncanbe madethatthemoreinfluentialeffects
actseparately,therebypermittingestimatesofthepressurevari@ion
ofthecoolantinthespanwisedirection.Thispressure,inconjunction
withthepressureoutsidetheblade,willdeterminetheflowthroughthe
porousshellandtheshellpermabiltty.

d Pressurevariationsaroundtheperipheryof
midspanlocationareshowninfigure2. Because

theturbinebladeatthe
of differencesin

,, -..,
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pressuredropavailableatvariouschordwiselocations,itwouldbe nec-
esssrytohavea shellofvaryingpermeabilitytometertheproperamount
ofair. Thissort-ofdesignwouldprob~lysiafficeat onealtitudebut
wouldresultinovercookingat otheraltitudes(refs.3 and4). A
methodthataffordstheuseofa constantchordtisepermeabilityand
alsopartiallyco~ensatesfortheeffectsofaltitudeIstoprovide
differentsizedorificesinthebladebase.

FigureL3isa sketchofthetranspiration-cooledbl.adedeveloped
forthisinvestigation.Thefinsinthespanwisedirectionofthestrut
inconjunctionwiththeTorousshellformcompartmentsfor.thecooling
airfedthroughtheorificesinthebladebase. In additionto forming
compartmentsforthecoolantflow,thestrutalsolends+tselfforsup-
portinga shellsuchaswireclothora sinteredmateria}lackingri-
gidityor strength.Theorifices,by theirdifferentsizes,providea“
differentpressureinsideeachcompartment.

f
AttheleaIngandtrailing

edgesoftheblades,theorificediameters,are0.100inh. Thethree
orificesinthesuctionsurfaceare0.067ihchindiameter,andthe
threeonthepressuresurfaceare0.047inch.Althougha pressuredis-
tributionsuchas showninfigure2 existsaroundtheblade,theuseof
orificesinthebasepermitsa constantchordwiseperme~ilityofthe
shell,thussimplifyingfabricationandprovidingtherequiredcoolant
flowforconstantshelltemperaturesinthechordwisedirection.

Figure4 showsphotographsofthecomponentsandassemblyofthe
transpiration-cooledbladeusedinthisinvestigation.Thestrut(fig.
4(a)),whichistheload-supportingmember,iscastfromS-816material,
chosenbecauseofitsgoodcastingqualities.The20%200meshwire
clothofAISItype304stainlesssteel(unbrazed)wascold-rolledto
0.0205-inch-thicknessreductionandformedto a shapesimilarto a
standardturbojet-enginetwistedrotorblade(fig.4(b)).Thepermea-
bilitycharacteristicsoftheclothwiththisthicknessreduction(33.2
percent)aregiveninreference6 (fig.6(a)).Theclothwasoriented
sothatthe20wireswereinthechordwisedirectionandthe200wires
wereinthespanwisedirection.Afterthewireclothwasformed,the
tipandthetrailing-edgesectionswerewelded.Theshellwasthen
attachedtothestrutby spot-weldingalongthefinsandatthebase.
Figure4(c)isa photographofa completedblade,andit showsthein-
dentationsatthestrut-attachmentpoints,‘whichmayaffecttheaerody-
namicperformanceoftheblade.As notedpreviously,noperformance
resultswereobtainablewiththepresentapparatus.It Isreasonableto
expect,however,thatimprovementsontheoutsidesurfacewtllbe made
asmoreexperienceisgainedinfabricationofthistypeblade.

.-

..

-,
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APPARATUSANDINSTRUMENTATION

Engine

Themodifiedturbojetengineusedinthisinvestigationwassimilsr
to thatdescribedindetailinreferences11 and12exceptfora differ-
entconfigurationoftheair-cooledblades.Throughouttheinvestiga-
tion,standardtwistedrotorbladeswereusedadjacenttotheair-cooled
blades,aswellas at allotherlocationsontheturbinerotor.The
twocooledbladeswerelocateddiametricallyoppositeontheturbine
rotor.

Theinstrumentationusedontheenginewasthesameasthatdis-
cussedinreferences11and12exceptforthelocationandnuniberof
thermocoupleson

Inaddition

thetwocooledblades.

Instrumentation

to theconventionalinstrumentationoftheengine,
chromel-alumelthermocoupleswereburiedinthestrutsofthetwocooled
blades.Thermocouples1, 2,and3 (fig.5)werelocatedinthestrutin
thechordwisedirectionoftheoneblade,andthermocou@es4, 5,and6
werelocatedinthestrutinthespanwisedirectionoftheotherblade.
Withthisarrangement,a checkonthetemperaturesofthetwostrutscan
be obtainedby comparisonofreadingsfromthermocouples2 and5. A
samplethermocoupleinstallationcanbe seeninfigure4(a).Reforethe
shellwasplacedoverthestrut,thegrooveholdingthethermocouplewas
filledandfatiedsmoothwithhigh-temperaturesolder.

Themeasurementofthetie-clothtemperatureisa difficultone
evenfora statictest. Thedifficultiessreduetothenecessityof
usingsmall-diameterwires(possessinglittlestrength)tominimizecon-
ductionandalsoofmaintainingthethermoco~leleadwiresclosetothe
poroussurfacesothatthecoolantflowthroughtheporousmaterialis
notaffectedby theinstallation.Becauseoftheseproblems,tempera-
turereadingsofthewire-clothshellwerenotobtainedinthis
investigation.

Struttemperatureswere
10,000rpmanda ratedspeed

TESTPROCEDURES

obtainedforenginespeedsof8000and
oflJ.,500rpm. Uponcompletionof each

speedrun,theconditionoftheshellswasobserved.Theeffectivegas
temperaturerangedup to 1350°F. Coolant-flowratiosweredetermined
by thestrut-temperaturelimitationandby therequiredcooling-airpres-
sure.At alltimesthecoolantpressuremeasuredatthehtiofthe
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turbinewheelwasmaintainedat a higherVSJ-Uthanthec~cfited re~-. 4
tivestagnationpressureatthebladeleadingedge. (Itwasassumsd
thatthepress~eatthebladebasewasequaltothehubpressure.)
Thisprecautionwas.necessaryto insurean outwardflowthroughthe
porousshellandlimitedtheminimumcoolant-flowrateto O.O&l.The
maximumobtainablecoolantflowwasO.&l.

RESULTSANDDEK!USSIQN

Inorderto determinetheadequacyofthedesignandthefabrica- $
tionmethodsofthetwotranspiration-cooled>lades,temperaturedis-
tributionsonthestrtiswereobtainedandtheconditionoftheshells
wasobserved.Averagechordwisetemperaturedistributionswillbe pre-
sentedforenginespeedsof8000,10,000,and11,500rpm. Localstrut
temperaturedistributionswillonlybeshownfor10,000rpm,since

k

visualinspectionrevealedthatthebladesweredamagedslightlyafter
short-timeoperationat11,500rpm. Photographsofthebladesafter
completionofthetestwillbe givenanddiscussed.

-.

MeasuredTemperatureDistributions .

Chordwise.- Averagechordwisestruttemperaturesareplotted
againstcoolant-flowratioinfigure6. Thetemperaturedatasxethe
arithmeticaverageofthethreechordwisethermoco

T
Iesattheleading-

edge,midchord,andtrailing-edgeregionsatthe3 8-spanlocationfrom
thebase(fig.5). Thisspanwiselocationwaschosensinceit should
be intheregionofthecriticalsectionfor.thesecooledblades.The
struttemperaturesforthe8000and10,000rpmyieldaboutthesame
curve,whilethefewdatapointsforthe11,500rpmfallabovethe8000-
and10,000-rpmcurve.

Typicallocalstruttemperaturesalongthechordat 3/8span(fig.
5)forvsriouscoolant-flowratiosat 10,000rpmarepresentedinfigure
7(a).At thelargercoolant-flowratios,theleading-andtrailing-edge
temperaturesarenearlythesame,whilethemidchordtemperatureis
slightlyhigher.At lowerdilutionsthistrendreverses.Intranspira-
tioncoolingofturbineblades,uniformchordwisetemperaturesshouldbe
obtainedat designconditionsonly.Thereversalinchordwisetempera-
turedistributionwithdecreasingcoolant-flowratio,therefore,isnot
unexpected.Temperaturedifferencesofmagnitudese~comteredatany
flowrate(maximumof100°F),however,wouldbe consideredsmall.inthe
coolingofturbineblades.Theserelativelyuniformstruttemperatarres
couldbe an indicationthatsatisfactorydistributionofthecoolantin
thechordwisedirectionwasaccomplished.

SpanWise.- S_panwisestruttemperaturedistributionsfcwvarious
coolantflowsatan enginespeedof10,000rpmareshowninfigure7(b)~

.-

.- .—

—



. NACARM E53K27 7

& Thesethermocouplesarelocatedonthe“strutas showninfigure5. The
rapidriseinstruttemperaturesfromthe3/8spantothetipsignifies
thatthegreatestportionofthecoolantisdischargednearthermt
sectionoftheblade.Comparisonoffigures7(a)and(b)showsthatthe
midchordtemperatureinthespanwisegroup(thermocouple5) isabout
200°F lowerthanthemidchordtemperatureinthechordwisegroup(ther-
mocouple2). Thesetwothermocoupleswerelocatedin identicallocations
butondifferentblades.Fromthisinequalityintemperature,ita~ears

;
thatthecoolant-flowdistributionto thetwobladesisunequl. Since
onlythetotalcoolantflowtobothofthebladescouldbe measured,the
particularflowrateto eachbladeisnotlmown,sothatthecoolant-flow
ratiosgivencannotbe consideredrepresentativeforeitherofthetwo
bladestested.Althoughtheseresultscannotbe usedto comparethe
coolingeffectivenessofthesebladeswithbladesutilizingothercool-

. ingmethodsor configurations,theydogive’indicationsoftheuniformity
of coolinginboththespanwiseandchordwisedirectionsforthepresent
blades.

“

VisualObservations

Visualinspectionofthetranspiration-cooledbladesafterengine
operationat 11,500rpmandaneffectivegastemperatureof13500F
showedthatpartofthewireclothonthetrailingedgeofthetipre-
gionhadbeenseveredfromtherestoftheblade(fig.8). Whenmetal
discolorationwasusedas an indicationofmaximumoperatingtemperature,

.—

thewire-clothshelldidnotappeargreatlyoverheatedinotherregions.
Thepressuresurfacesofbothshellswerehotterthanthesuctionsur-
faces,asmaybe notedby thediscolorationpatternsshowninfigures
8(b)and9(b).Somewhathighertemperaturesatthe~unctionofthewire
clothandthestrutthanintheporousregionswerealso
evidencewasapparent,however,ofanyseparationinthe
theshellandthefinsonthestrut.

Althoughtherearedefiniteindicationsof spanwise
she~ temperature,theorificesinthebaseofthestrut

indicated.No
bandbetween

variationsin
seemedtopro-

videsatisfactorycoolantdistributionto minimizechordwisetemperature
variations(figs.7(a),8(a),and9(a)).

Thedsmageinthetrailing-edgeregionwasprobablyduetothefab-
ricationmethods.It ispossiblethattheweldingnecessaryto jointhe
wireclothmayhaveinducedbrittlenessinthewiresintheneighborhood
oftheweld,sothatsomecautionshouldbe exercisedindesignandfab-
ricationofthisregion.Perhapsthelackof sufficientrigiditycould

B be alleviatedby a shorterspanfromthestrutsupportto thetrailing
edgeoftheshell.

d
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CONCLUDINGREMARKS
t

Thefollowingremsxksmaybe madeconcerningtheresultsofthein-
vestigationofthetranspiration-cooledrotorblades:

1.Theseinitialexperimentswereconsideredsuccessfulandindi-
catethata transpiration-cooledstrutblade.usinga wire-clothsheLlis
feasiblefortemperaturereductionofa turbine-rotorblade.

2.Satisfactorychordwi.sedistributionofcoolantflowisobtain-
ableby theuseof orificesinthebladebase. !!

m

3.Thespanwisevariationsof shellandstruttemperatureindicate
thatbetterestimatesof spanwiseflowoutsidethebladeandthedevelop-
mentofadeq~tetheoriesfortheflowofcoolantinsidethebladeare .

required. .

4.Considerationshouldbe givento strengtheningthetraili~-.
edgesectionof’thebladewheretheshellwasdamageddtiingthehigh- “ ‘-
speedenginetest.

5.Studiesontheaerodynamicperformanceandtheeffectsofaltt-
tudeandhighergastemperaturesshouldbe madeformoreeffective
applicationoftranspirationcoolingtoturbineblades..-

LewisFlightPropulsionLaboratory
NationalAdvisoryCommitteeforAeronautics

Cleveland,Ohio,Noveniber24,1953
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(a) Rrautview. (b) Sideview.

I?lgure1.-b-woven20x200meshoorduroywirecloth(ref.6).
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Figure2 - Calmlatedpressurevariationsaroundperipheryof
rotorblade.(Sealeveland11,500rpm.)
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Fl@re3.- Sketahoftransp+rat.bn-omledblade.
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(a)Strut. (b)Shell. (c) Aaaembly.

F&.rre4. - Compmen$softmnepiration-cooled blade.
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Figure5. - Thermocouplelocationsfortranspiration-cooledblades.
(Thermocouples1,2,and3 onblade1 andthermocouples4,5,and
6 onblade2.)
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